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ABSTRACT SYSTEM DESCRIPTION 


In the past few years many flight control systems 
have been implemented as ful 1 -authority , full-time 
digital systems. The digital design has allowed 
flight control systems to make use of many enhanced 
elements that are generally considered too complex 
to implement in an analog system. Examples of 
these elements are redundant information exchanged 
between channels to allow for continued operation 
after multiple failures and multiple variable gain 
schedules to optimize control of the aircraft 
throughout its flight envelope and in all flight 
modes. The introduction of the digital systems 
for flight control also created the problem of 
obtaining information from the system in an under- 
standable and useful format. 

This paper presents how we have dealt with the 
X-29A system during its operations at NASA Ames- 
Dryden Flight Research Facility. A brief descrip- 
tion of the X-29A control system, discussion of 
the tools that have been developed to aid in daily 
operations, and the troubleshooting of the air- 
craft will be included. It also shows how the 
project has been able to take advantage of the 
digital system in several other areas. 

INTRODUCTION 

The X-29A forward-swept-wing (FSW) technology dem- 
onstrator entered its flight testing phase at NASA 
Ames-Dryden Flight Research Facility (ADFRF) on 
December 14, 1984. The X-29A is an aerodynamical ly 
unstable aircraft requiring a highly augmented con- 
trol system to maintain stable flight. The con- 
trol system consists of triplex fly-by-wire digi- 
tal flight control computers (FCC) with a triplex 
analog backup system. The FCCs obtain inputs from 
various system sensors and provide outputs to 
hydraulic actuators. In addition to the aerody- 
namic instability and the triplex fly-by-wire con- 
trol system, the X-29A was designed with the fol- 
lowing technologies: 

- Forward-swept-wing planform 

- Tailored composite wing structure 

- Variable incidence close-coupled canard 

- Multisurface control 

- Discrete variable camber 


Modes 

The control system includes several modes, as sum- 
marized in Table 1. Reference 1 contains a de- 
tailed description of the control system design. 
Several of the modes incorporate variable gains 
based on airspeed, altitude, Mach number and angle 
of attack to optimize the aircraft's capabilities 
throughout the flight envelope. Normal mode has 
three pilot-selectable options. Automatic camber 
control (ACC) is an option that continuously trims 
the flaps to maintain optimum performance. Manual 
camber control (MCC) manually positions the flaps 
at discrete positions and holds them fixed as 
long as the canard is operating within its accept- 
able range. Speed stability is a pilot aid to 
maintain constant airspeed. Degraded modes are 
also included to allow the system to remain in 
normal mode with degraded performance for cer- 
tain failures. 

Normal power approach (PA) mode is usually used 
during takeoff and landing. Also, during landing 
the pilot has the option of selecting precision 
approach control (PAC) mode, which provides an 
auto throttle system to control airspeed and 
allows the pilot to control flight path angle 
with the pitch stick. 

Direct electrical link (DEL) mode is a ground 
operation mode. The name of this mode is mis- 
leading because the mode has the capability of 
stabilizing the aircraft in cases of failures 
around takeoff and landing. The DEL mode is 
engaged when there is weight on any wheel. 

Analog reversion (AR) mode is a hardware backup 
mode that is capable of recovering the aircraft 
from anywhere in the flight envelope. Two sets of 
gains are available in this mode. Power approach 
(PA) gains are a fixed set of gains used for take- 
off and landing. Up and away (UA) gains are vari- 
able gains scheduled with impact pressure. 

System 

The X-29A was built using off-the-shelf hardware 
where possible. Many components and subsystems 
from the F-16, F-5, and many other aircraft were 
used in the manufacture of the X-29A. 



Figure 1 shows the control system components. The 
canards, flaperons, and strake flaps are utilized 
for pitch control. The flaperons are also used 
for roll control and the rudder is utilized for 
yaw control. Crossfeeds between lateral and 
directional axes are included in the control laws 
that coordinate the flaperon and rudder commands. 

The flight control system is a triplex digital 
system with a triplex analog backup system. The 
airdata sensors, accel erometers , and primary rate 
gyros are triplex for the digital control system. 

A backup set of triplex rate gyros and a triplex 
set of impact pressure sensors are provided for 
the backup analog control system. The backup rate 
gyros are used by the digital system in the event 
of a primary rate gyro failure. The attitude 
heading reference system (ANUS) and the remotely 
augmented vehicle (RAV) system are single-string 
inputs to the control system. 

The F-5 control stick has been modified with the 
addition of a feel system to provide force feed- 
back and triplex linear variable differential 
transducer (LVUTs) to provide position inputs to 
the control system. The throttle is the only 
pilot command that can be operated mechanical ly . 

The throttle can be controlled by the flight con- 
trol computers when the PAC mode is selected. 

The control surface actuators for the canards, 
flaperons and rudder are modified F- 16 integrated 
servo actuators. The strake flap actuators are a 
new design. All the actuators are powered by a 
dual hydraulic system. 

The digital computer is a derivative of an HDP- 
5301 processor that has been used on several other 
programs. Figure 2 shows the digital computer 
system. Each computer consists of an input/output 
processor (IOP) and a control law processor (CLP). 
The IOP performs all the interface functions using 
fixed-point calcul ations , and the CLP performs all 
the control law functions using floating point cal- 
culations. Each processor contains 2 k of random 
access memory (RAM), 14 k of electrically eras- 
able read-only memory (EEROM), and 1 k of common 
memory for the two processors to communicate with 
each other. 

The IOP interfaces through an ARINC-429 bus to 
the instrumentation system. Data from any memory 
location in either processor can be transmitted 
on the 429 bus. The parameters on the 429 bus 
are preprogrammed in the software and can be 
changed easily. 

The digital system operates at an 80 Hz minor 
cycle, but the majority of the computations are 
run at 40 Hz. The three channels are synchronized 
at the beginning of each minor cycle. Data is 
exchanged between channels through an intercom 
during each cycle. Each channel signal selects 
the input, performs the control law computations, 
exchanges the output with the other channels, 
and verifies that all the outputs are identical. 

The output commands are then exchanged as analog 
signals, processed through a hardware midvalue 
select, and sent to the actuators. 


The analog control system inputs and outputs are 
monitored by the digital system. The analog out- 
puts are also processed through the hardware mid- 
value select prior to being sent to the actuators. 

The flight control system also has many built-in 
tests (BIT) that are designed to insure the FCC 
hardware and software are performing properly. 

These tests are run when the system is powered up 
and while the system is operating. There are also 
a set of pilot-initiated built-in tests ( I B I T) 
that check the flight control system sensors, dis- 
plays, indicators, and actuators. 

Data Acquisition System 

The X-29A data acquisition system uses both pulse 
code modulation (PCM) and constant-bandwidth fre- 
quency modulation (FM) data encoding. Figure 3 
shows a block diagram of the instrumentation sys- 
tem. Because of space constraints on the aircraft, 
airborne recording is not available. Therefore, 
telemetry is the only source of data. The digital 
encoding system consists of five remote PCM units 
with four of the units operating at 800 frame/sec. 
Three of the 800 frame/sec units have a length of 
64 words/frame and a bit rate of 512 kbits. The 
other unit has a frame length of 128 words/frame 
and a bit rate of 1024 kbits. The fifth unit has 
a frame rate of 25 frames/sec with a frame length 
of 512 words and a bit rate of 128 kbits. All 
five units have a word length of 10 bits. The 
flight control computers output data using an 
ARINC-429 data bus. The data bus output message 
contains 64 32-bit words with an update rate of 
40 messages/sec. The outputs of the PCM units 
and the data bus are input to an interleaver 
unit that merges the data streams and outputs a 
399.2 kbits/sec serial PCM stream. The system 
was designed and implemented to allow five PCM 
units, ARINC data bus, and interleaver to operate 
asynchronously. 

The PCM output has a mainframe length of 128 
10-bit words. The main frame rate is 390 frames/ 
sec, with subframe rates of 195, 97.5, 48.75, and 
24.375 frames/sec. 

The constant-bandwidth FM system consists of IRIG 
channels 1A to 10A (deviation limits of ±2000 Hz) 
for encoding high-response acceleration and vibra- 
tion data. Channel 21B is used for pilot's voice 
(hot microphone). 

The telemetry transmission system consists of a 
diplexer, directional coupler, two L-band trans- 
mitters, and upper and lower fuselage-mounted 
antennas. The output of the interleaver modulates 
one of the transmitters , with the second transmit- 
ter modulated by the FM multiplexer. The transmit- 
ter outputs are diplexed and routed through the 
directional coupler to the upper and lower L-band 
antennas . 

FLEXIBILITY AND TESTABILITY 

The digital system has proven to be very flexible. 
Many changes have been implemented since the first 
flight of the X-29A. Reference 2 contains a de- 
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tailed description of the modifications accomp- 
lished on the X-29A. These changes include a 
major modification of the control system to allow 
the aircraft to fly in an expanded flight enve- 
lope, the addition of a flight test mode that 
holds the flaps at a fixed position, and the addi- 
tion of a remotely augmented vehicle (RAV) system. 

The RAV system provides pilot steering aids to 
optimize maneuver trajectories and the capability 
to add signals to pilot or surface commands for 
parameter identification. Because of the three- 
surface pitch control and the lateral/directional 
crossfeeds, it was not possible to measure the 
effectiveness of the individual surfaces with- 
out the RAV capability to add inputs to the sur- 
face commands. 

Other control system changes include modifying 
the airdata redundancy management, modifying nor- 
mal mode gains, and refinements in the IB IT . 

The time required to design, implement, and install 
these changes into the aircraft was minimal. But 
the time to test a change can be very involved and 
time-consuming. The time from deciding to make a 
change to actually flying with that change varied 
front 1 week to 6 months and depended on the pos- 
sible effects of the change, the magnitude of 
the change, and the mechanics of how the change 
was made. 

During the normal operation of a research aircraft, 
many different events occur that require testing 
the system and data gathering to document the sys- 
tem characteristics. These events include system 
changes, troubleshooting, system evaluation, and 
preflight test, all of which require tests on 
both the aircraft and a hardware-in-the-1 oop 
simul ation. 

TOOLS 

It was obvious from past experience that tools 
were required that could examine the internal 
workings of the digital system without changing 
the performance of that system. 

Simul ator 

The hardware-in-the-1 oop simulation plays a very 
important role in the daily operation of the X-29A 
because the aircraft is a research vehicle, and 
many safety-of-f 1 ight decisions are made based on 
the results of simulaton tests. The simulation 
was designed to represent the aircraft as much as 
possible. In addition to modeling the aircraft 
correctly the simulation was also built to easily 
test the flight system. Figure 4 presents a block 
diagram of the simulation. 

For the simulation, a breakout panel was built to 
make available a test point for every connection 
to the FCCs. This allows easy access to any com- 
bination of analog parameters that interface to 
the FCCs. 

The system evaluation unit (SEU), used with the 
5301 processor, serves as the interface to the FCC 


internal workings. The SEU is used to examine 
memory in the FCCs when the FCC is not running. 
This unit also monitors the FCC buses and can dis- 
play the value of a single register. This signal 
can also be made available as an analog output by 
attaching a converter internally to the SEU. The 
SEU also has the capabilty to change memory in 
the FCCs. This can be accomplished by entering 
the change manually or loading a change from a 
cassette tape. 

To present information on multiple parameters 
residing inside the FCCs, the extended aircraft 
interrogation and display system (XAIDS) was 
interfaced to the SEU through the RS232 ports 
that would normally be used as terminal ports. 

The XAIDS was developed by NASA for use on sev- 
eral aircraft. Reference 3 contains a detailed 
description of the XAIDS design. The XAIDS has 
the capability to display parameters in engi- 
neering units, perform tests on the data, and 
display results of the test. 

The combination of the SEU and the XAIDS provided 
the capability to read parameters from the FCC 
memory when the FCCs are not running or the 
ARINC-429 bus output when the FCCs are running. 
Several different types of displays were devel- 
oped on the XAIDS to allow easy access to the 
desired data. The capability to change the FCC 
memory was also developed for the XAIDS. This was 
necessary to allow the FCCs to be easily loading 
with test programs that performed specialized 
functions or changed which parameters would be 
transmitted on the ARNIC-429 bus. The XAIDS 
allows changes to be entered manually or loaded 
from a disk, which is easier to create than a 
cassette tape. 

In order to directly compare test data with ex- 
pected results, it was necessary to transfer data 
from the XAIDS to the simulation computer. This 
was accomplished by adding a 1553 interface to 
the XAIDS and developing the software to transfer 
time-correl ated data to the simulation computer. 
Figure 5 contains an overplot of data generated 
in the simulation computer with FCC data, which 
has been transfered to the XAIDS through the 
ARNIC-429 bus, and then to the simulation com- 
puter through the 1553 bus. 

Ai rcraft 

For the aircraft, a simplfied approach to testing 
was taken. The flight schedule called for flights 
on two days each week. Therefore, only limited 
time was available to work on the aircraft, and 
the amount of disassembly of the aircraft had to 
be kept to a minimum. Because of this limitation, 
only tools that were easy to connect to the air- 
craft could be used. 

All instrumented signals were available from a 
hangar calibration system. This system displayed 
all parameters in counts or engineering units. 

The display was updated approximately once every 
2 sec. The hangar calibration system was used to 
monitor slow-changing parameters such as tempera- 
tures and voltages. This system was also used to 
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monitor static values from active parameters such 
as surface positions and flight control system 
sensor inputs. 

Breakout boxes were built to allow access to analog 
signals. This works well when all the signals of 
interest are located in a couple of connectors; 
but because of limited space, it is difficult to 
connect more than three or four breakout boxes at 
one time. Because of the triplex flight control 
system, it is often necessary to look at a mini- 
mum of three different connectors at one time. 

In addition to the space constraints, during 
troubleshooting problems it became evident that 
not all the signals of interest are available at 
connectors. For example, the rate gyro signals 
are processed through analog notch filters and 
low-pass filters inside the FCCs. Figure 6 shows 
the implementation of the filters. The filtering 
changes the high-frequency content of signal con- 
siderably after it is examined at the FCC con- 
nector. Therefore, the only place the signal of 
interest was available was in the digital com- 
puter. The SEU had the capability to examine 
one signal at a time as described previously, 
but this was not adequate to provide data from 
multiple channels. 

In order to examine data inside the digital com- 
puter, a menu-operated personal computer was inter- 
faced to the SEU through the same RS232 ports the 
XAIDS used in the simulation. 

This interface allowed data to be transferred be- 
tween the FCCs and the personal computer through 
the SEU. The data can then be manipulated in the 
personal computer by various programs. 

Specific test programs have been written for FCCs 
that store data from the aircraft for a particular 
test. The data are then transferred to the per- 
sonal computer where a spreadsheet program is used 
to evaluate the data for proper test response. 

An example of this type of test is the trouble- 
shooting of rate gyro failures during IB I T . 

The IB I T is initiated by the pilot, automatically 
run by the FCCs, and a response of "pass'* or 
"fail" is presented to the pilot. If the IB IT 
fails a specific test, it is recorded in nonvol- 
atile memory; but no information about the test 
is saved. Recording the analog signals did not 
provide the necessary information for trouble- 
shooting because of the FCCs' internal filtering. 

In order to determine how the rate gyros were 
responding, a test version of IB IT was written to 
store the desired values during the test. The 
program was loaded into the FCCs, the test run, 
then the FCCs halted, and the data transferred 
to the personal computer. Figure 7 shows the 
setup for the test and the output of the spread- 
sheet program. 

Other types of tests also used this method of col- 
lecting data out of the digital computer. Accept- 
ance tests that are normally only run in a labo- 
ratory were run on the flight control actuators 
while the actuators were installed in the aircraft. 


Again, a special test program was written to save 
all the necessary data while the test is execu- 
ting. After the test the data are transferred to 
the personal computer where the results are com- 
pared with the acceptable values. 

Evaluations of the IB I T tolerances were also made. 
During this process it was determined that the 
tolerances were acceptable, but in some cases the 
nominal value was not correct. These tests were 
possible because of the capability to reprogram 
the digital computers with the proper tests. 

CONCLUDING REMARKS 

The X-29A redundant digital system has allowed 
increased capability and flexibility of flight 
control systems. Major changes have been accom- 
plished safely without major impact on the flight 
program. Also changes that were necessary to con- 
tinue the flight program have been made in as 
little as one week. 

The digital system also required increasing the 
capability of the tools used during testing and 
troubleshooting. These tools were required to 
obtain and process data from the internal memory 
of the FCCs. Data can be obtained in real time by 
utilizing the ARINC 429 bus designed to be easily 
modified. Data can also be obtained by changing 
the code in the FCCs to store the required param- 
eters and by dumping the memory to a personal com- 
puter after the test is complete. This data can 
then be reviewed in a more understandable format. 

The X-29A program has been very successful . The 
development of flexible, easy-to-use tools for 
obtaining and handling data has allowed the 
project to maintain a highly productive flight 
rate. These tools allow troubleshooting and 
investigative-type testing to be accomplished 
easily without disassembling the aircraft. 
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NOMENCLATURE 

ACC automatic camber control 

ADFRF Ames-Dryden Flight Research Facility 

AHRS attitude heading reference system 

AR analog reversion 
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BIT 

built-in tests 

MCC 

manual camber control 

CLP 

control law processor 

PA 

power approach 

DEL 

direct electrical link 

PAC 

precision approach control 

EEROM 

electrically erasable read-only memory 

PCM 

pulse code modulation 

FCC 

flight control computers 

RAM 

random access memory 

FM 

frequency modulation 

RAV 

remotely augmented vehicle 

FSW 

forward-swept wing 

SEU 

system evaluation unit 

IBIT 

initiated built-in tests 

UA 

up and away 

IOP 

LVDT 

input/output processor 

linear variable differential transducer 

XAIDS 

extended aircraft interrogation and 
display system 


TABLE 1 - X-29A FLIGHT CONTROL MODES 


Control modes 

Function 

Options 

normal 

normal flight 

automatic camber control 
manual camber control 
speed stability 
degraded modes 

normal PA 

takeoff and landing 


precision approach 
control 

precision landing 


direct electrical 
1 ink 

ground operation 


analog reversion 

analog backup 

UA gains, PA gains 
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Figure 1 • X-29A flight control system hardware . Figure 2 * X-29A flight control computer • 
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